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The basic spatial ecology and habitat relationships of female bighorn sheep in
Nebraska are poorly understood. Establishing seasonal patterns of space use and resource
selection for this population at the margin of their historical and current range addresses a
key knowledge gap and provides important baseline information for ongoing
conservation efforts in Nebraska. We deployed GPS radio-collars on 56 adult ewes in
western Nebraska to quantify seasonal space use, movements, and resource selection of
ewes. To investigate spatial ecology, we quantified movements of ewes and the factors
that influence home range size, seasonal use, and spatial stability across seasons. Home
range behavior and seasonal movements within this population appear to differ from
others that have strong migratory tendencies. Multivariate modeling highlighted seasonal
differences in space use and predicted a generally positive, non-linear relationship
between home range size and road density. We also quantified resource selection patterns
of female bighorn sheep within their home ranges and inferred factors that influence
resource selection with a focus on predation risk, forage efficiency, and human
disturbance. We used mixed-effects logistic regression with used and available locations
for each individual to evaluate selection of topographical features, escape terrain, an
index of high quality forage, and natural and anthropogenic landscape features. Ewes
selected escape terrain, more rugged terrain, higher elevations, and water in all seasons.

Selection of roads, development, and crops varied by season and subpopulation. Our
work elucidates behavioral patterns of female bighorn sheep in Nebraska that may
influence their survival and reproductive success. Our results should contribute to
improved understanding of the factors limiting population growth for this declining
population of conservation concern.
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SPATIAL ECOLOGY AND RESOURCE SELECTION OF BIGHORN SHEEP (OVIS
CANADENSIS) EWES IN A PRAIRIE BADLANDS POPULATION
INTRODUCTION
Characterizing how species use space and resources is a critical step to
understanding the complex interactions between organisms and their environment
(McLoughlin et al. 2010) and how those interactions may affect population dynamics.
Behavioral mechanisms such as home range use, movement patterns, and resource
selection may influence individual fitness (e.g., forage vs. predation risk trade-offs;
Hebblewhite and Merrill 2008) and population-level demography (e.g., movement
behavior that may increase disease transmission; O’brien et al. 2014). While the influence
of behavioral decisions on fitness are best measured by the lifetime reproductive success
of individuals, this is difficult to quantify for free-ranging large mammals (Morris 2002;
Beyer et al. 2013). However, investigating behavioral patterns that are likely to be
associated with mortality and reproduction can provide insight into mechanisms that may
influence individual fitness and population growth.
As animals seek suitable resources and conditions, they incur energetic costs; this
may increase the animal’s risk of mortality by exposing it to predation or be offset by
increasing its familiarity with escape cover or high quality forage (McLoughlin et al.
2010; Stamps 1995; Stephens and Krebs 1986). An animal’s selection of resources may
vary depending on the requirements of the individual or availability of resources at a
given time. The resource selection patterns that develop as a result may be useful
predictors for how individuals and populations respond to changes in their environment.
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Many animals respond to human disturbance by altering their behaviors, which in
turn may have positive or negative impacts on fitness (Beyer et al. 2013; Wong and
Candolin 2015). Some animals shift their activity patterns to avoid humans (Dowding et
al. 2010) while others adapt to urban development (Sol et al. 2013) or even thrive as
invasive pests (Sih et al. 2010). Human alteration of the landscape can have a significant
impact on species through habitat fragmentation, degradation, or loss. This may pose
fitness costs through reduced forage efficiency (Burger 1994; Frid and Dill 2002), loss of
critical resources (Gill et al. 1996, 2001), restricted genetic flow (Bleich et al. 1996;
Chaine and Clobert 2012), emergence or spread of epizootics (Brearly et al. 2013), or
direct anthropogenic mortality through hunting or vehicle collisions.

Bighorn sheep have been greatly impacted by human presence and landscape
alteration (Buechner 1960). Once widely distributed through western North America,
bighorn sheep were extirpated from much of their historical range by the turn of the 20th
century through habitat loss, overhunting, and disease (Carpenter et al. 2014). Bighorn
sheep are considered to be poor colonizers (Douglas and Leslie 1999) and highly
specialized in their use and selection of habitat (Shackleton et al. 1999), so many
populations fail to establish, endure, or expand without intervention. Although
reintroduction efforts have reestablished populations in much of their historical range,
many of these populations are fragmented and fail to persist without substantial
management (Valdez and Krausman 1999; Ramey et al. 2000, Carpenter et al. 2014).
Most populations of bighorn sheep occupy mountainous terrain at high elevations,
therefore, most studies of home range, movements, and habitat selection are conducted in
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such areas. Relatively little is known about the ecology of bighorn sheep occupying lower
elevations or in non-mountainous regions such as populations inhabiting prairies in the
eastern periphery of the range.
The basic spatial ecology and habitat relationships of female bighorn sheep in
Nebraska remain poorly understood. Establishing seasonal patterns of space use and
resource selection for this population at the margin of their historical and current range
will address a key knowledge gap and provide important baseline information for
ongoing conservation efforts in Nebraska. We investigated behavioral attributes of
bighorn sheep in western Nebraska with a focus on understanding how reintroduced
populations use the landscape. In Chapter 1, we quantified movements of ewes and the
factors that influence home range size, seasonal use, and spatial stability across seasons.
In Chapter 2, we quantified resource selection patterns of female bighorn sheep within
their home ranges (third-order selection; Johnson 1980) and inferred factors that
influence resource selection with a focus on predation risk, forage efficiency, and human
disturbance. Our work elucidated behavioral patterns of female bighorn sheep in
Nebraska that may influence their survival and reproductive success. Our results will
enhance our understanding of the factors limiting population growth for this declining
population of conservation concern.
Study Population
North American wild sheep belong to the order Artiodactyla, sub-order
Ruminantia, family Bovidae, tribe Caprini, and the genera Ovis, or true sheep (Valdez
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and Krausman 1999). Wild sheep are separated into three phylogenetic groups based on
physical characteristics and habitat preferences. Moufloniforms and Argaliforms
originated in Europe and Central Asia and developed sleek bodies capable of outrunning
predators in undulating terrain. Pachyceriforms comprise North American species such
as Dall’s (O. dalli), Stone’s (O. dalli stonei), and bighorn sheep (O. canadensis; Valdez
and Krausman 1999). Pachyceriforms are phenotypically stocky, muscular sheep that
evade predators by seeking steep, mountainous terrain (Geist 1971; Valdez and
Krausman 1999).
Bighorn sheep generally avoid areas of tall vegetation that obstruct their vision
(Valdez and Krausman 1999; Risenhoover and Bailey 1985). Bighorn sheep typically
occupy habitat containing grassy or unforested montane areas with steep, open slopes that
provide refuge from predators (“escape terrain”; Van Dyke et al. 1983). Their diet
consists of primarily grasses and forbs, although they are able to consume shrubs and
woody plants if preferred forage is unavailable (Valdez and Krausman 1999). Some
populations are able to obtain moisture from vegetation (Krausman 1985) but most
require sources of fresh water.
Bighorn sheep historically occurred in much of the western United States,
including western Nebraska, but were extirpated by the early twentieth century due to
overhunting, habitat loss, and disease transmitted from domestic livestock (Brewer et al.
2014). Conservation efforts and reintroduction of bighorn sheep have restored isolated
populations to much of their historical range. However, many of these herds have
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experienced stochastic die-offs and populations have seen limited recovery across their
range in western North America (Carpenter et al. 2014).
Rocky Mountain bighorn sheep (O. c. canadensis) from South Dakota were
introduced to Nebraska in 1981 at Fort Robinson State Park in the Pine Ridge region of
western Nebraska. In 2001, bighorn sheep from Colorado were translocated to Cedar
Canyon, establishing the first herd in the Wildcat Hills to the south. Six other
translocations from South Dakota, Colorado, Montana, and Alberta, resulted in the five
herds that currently (2020) inhabit the Nebraska panhandle (Figure 1). These herds occur
in the Pine Ridge region between Harrison and Chadron (Sowbelly, Fort Robinson, and
Barrel Butte herds) and the Wildcat Hills near Scottsbluff (Hubbard’s Gap and Cedar
Canyon herds). In 2014, sixteen sheep were translocated from Hubbard’s Gap to Fort
Robinson and Barrel Butte.
Populations of bighorn sheep have stagnated or declined in many of the western
states and provinces in the last decade (O’brien et al. 2014). In Nebraska, herds have been
reduced by 60% or more since 2012, and no lamb recruitment was documented from
2015 to 2017 in the Pine Ridge herds (Nebraska Game and Parks Commission [NGPC],
unpublished data). The largest factor contributing to mortality of bighorn sheep across
their range appears to be respiratory disease, which is thought to be transmitted to by
bighorn sheep through direct or indirect contact with domestic sheep and goats (Jessup
1985; Miller 2001; Miller et al. 2012; Besser et al. 2008, 2012; Lawrence et al. 2010;
Cassirer et al. 2018).
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Bighorn sheep are particularly vulnerable to respiratory infections, which has
been a significant contributor to mortality of adults and lambs throughout the western
states (George et al. 2008; Besser et al. 2012). Stressful conditions such as periods of low
forage quality or high predation pressure may leave bighorn sheep susceptible to fatal
infections from commensal bacteria (e.g., Manheimia, Pasturella, and Bibersteinia spp.)
that naturally occur in wild populations (Ward et al. 1990; Miller 2001). In addition,
Mycoplasma ovipneumoniae (M. ovi), a contagious and virulent bacterium, has been
identified as a major contributing factor to pathogenic predisposition in wild and
domestic sheep and goats (Dassanayake et al. 2010). This is particularly damaging to
neonates, which lack fully developed immune systems, and outbreaks are often followed
by years of depressed recruitment (Wood et al. 2016; Butler et al. 2018). Multiple strains
of M. ovi are transmitted between domestic and wild sheep herds during natural dispersal
and translocation (Cassirer et al. 2018). Domestic hoofstock are often asymptomatic
when infected with M. ovi so detection is unlikely without physical sampling, and there is
little incentive for domestic producers to curb M. ovi spread. Domestic sheep and goat
facilities lie within core bighorn habitat in both the Pine Ridge and Wildcat Hills.
A compounding factor to the spread of infections is the sociability of ewes,
especially during reproductive periods. Ewes spend much of their lives in social groups
and form nursery groups when rearing lambs. This behavior has shown to increase
reproductive success and decrease risk of mortality (Vander Wal et al. 2016). However,
this practice may facilitate the transmission of pathogens between adults and to neonates.
This creates a situation where evolutionarily advantageous social behavior now presents
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health risks that are not recognized by individuals and are therefore not avoided.
Maladaptive behaviors by wildlife may be especially prevalent in human-altered
landscapes because the negative effects on fitness may be different from those
experienced during their evolutionary histories (Delibes et al. 2001).
Predation may also play a role in overall herd decline in the state. Mountain lions
(Puma concolor) began recolonizing western Nebraska between 1991 and 2006 after
nearly a century of absence (NGPC 2017), and their distribution in the state overlaps that
of bighorn sheep. Mountain lion predation of bighorn sheep has been documented with
DNA samples collected from kill sites, as well as scat samples tested for prey
composition, and these occurrences may be increasing (NGPC, unpublished data).
However, mountain lions are the only predator being monitored within bighorn sheep
range in Nebraska; therefore, detection of predations by lions may be higher than other
predators such as coyote (Canis latrans) or golden eagle (Aquila chrysaetos). In addition,
the predation rate of lambs is unknown since there is very little data available on causes
of mortality for this age class. Opportunistic finds of lamb carcasses are extremely rare
due to the perilous terrain of lambing sites and the potential for predators to consume
neonates entirely.
With disease widespread and predation likely to increase with the recolonization
of mountain lions, it is imperative to understand the factors contributing to herd decline
in Nebraska’s bighorn sheep to inform management. By investigating home range
behavior, seasonal movements, and resource selection of radiocollared ewes, we provide
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a basic understanding of the spatial ecology and habitat relationships of female bighorn
sheep along the eastern periphery of historical range of the species.

Figure 1: Rocky Mountain bighorn sheep (O. c. canadensis) translocations to Nebraska between 1981
and 2012 into the Pine Ridge (north sites) and Wildcat Hills (south sites; Wild Sheep Working
Group, 2015).
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CHAPTER 1: SPATIAL ECOLOGY OF FEMALE BIGHORN SHEEP (OVIS
CANADENSIS) IN NEBRASKA
ABSTRACT
The spatial ecology of bighorn sheep occupying prairie landscapes is relatively
poorly understood, especially along the eastern periphery of their range in the Great
Plains. We deployed GPS radio-collars on 56 adult ewes in western Nebraska to quantify
seasonal space use and movements of ewes and investigate factors that influence home
range size. Home range behavior and seasonal movements within this population appear
to differ from others that have strong migratory tendencies. All ewes exhibited overlap
between at least two of their three seasonal home ranges, and most ewes had overlap
among all seasons within a given year. Multivariate regression predicted a generally
positive, non-linear relationship between home range size and road density.
INTRODUCTION
Characterizing how animals use space is a critical step towards understanding
complex interactions between wildlife and their environment, and how those interactions
may affect population dynamics (McLoughlin et al. 2010). Behavioral mechanisms such
as space use and movement patterns can influence individual fitness and population-level
demography, highlighting their importance in ecology and management (McLoughlin et
al. 2007; O’brien et al. 2014). The use of a home range where individuals conduct
activities relating to feeding, mating, and parental care (Burt 1943), allows animals to
become familiar with critical resources that are often distributed heterogeneously in time
and space (Dolev et al. 2002).

24

The size of the home range may be a reflection of habitat quality, as smaller home
ranges often indicate greater food availability within that range (Schoener 1983;
McLoughlin and Ferguson 2000). Individuals with small home ranges often have access
to abundant or highly concentrated resources, while those with larger home ranges must
travel farther to obtain resources (Kie et al. 2002; Van Moorter et al. 2016). Use of home
ranges may vary across different temporal scales resulting in changes in both the size and
location of home ranges over time (Kie et al. 2010; Börger et al. 2006). For instance,
individuals in some populations migrate between distinct seasonal home ranges reflecting
varying ecological needs (van Beest et al. 2011; Viana et al. 2018).
Bighorn sheep (Ovis canadensis) show considerable variation in space use and
may have one or several seasonal home ranges throughout the year that may be separated
by 0.5 km to over 30 km (Geist 1971; Van Dyke 1983; Festa-Bianchet 1988). Despite the
variation documented across populations, less attention has been paid to investigating
individual-level variation within populations, as many studies have focused on herd-level
patterns of seasonal space use and movements (e.g., Valdez and Krausman 1999, Berger
1990). Ecologists are increasingly realizing the importance of individual-level variation
in behavior and its influence on fitness and population dynamics (Gaillard et al. 2000;
Jones et al. 2005; Hebblewhite and Merrill 2008; Pinter-Wollman et al. 2014). Therefore,
investigating variation in seasonal home range and movement patterns for bighorn sheep
could be valuable, particularly in landscapes that may represent marginal habitat or where
human disturbance is high. Although much has been learned about space use in mountain
and desert populations (Geist 1971; Van Dyke 1983; Festa-Bianchet 1988; Valdez and
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Krausman 1999; DeCesare and Pletscher 2006), few studies have quantified home range
patterns and seasonal movements of Rocky Mountain bighorn sheep inhabiting areas of
lower elevations. Specifically, the spatial ecology of bighorn sheep occupying prairie
landscapes is relatively poorly understood along the eastern periphery of their range in
the Great Plains, leaving it unclear how their behavior may differ from populations in
other portions of their range.
Many animals alter their behaviors in response to human disturbance, which in
turn may have positive or negative impacts on fitness (Beyer et al. 2013; Wong and
Candolin 2015). Bighorn sheep often avoid areas of human disturbance and may flee
from humans or vehicles when observed even at great distances (Van Dyke 1983).
Human disturbance can affect the size or use of home ranges by preventing expansion
beyond human-altered areas, or by increasing travel distances between patches separated
by human activity. Bissonette and Steincamp (1996) found that bighorn sheep avoided
parts of their home range when they were seasonally grazed by cattle, effectively
fragmenting the landscape and shrinking the available habitat. Bighorn sheep may spend
more time vigilant (at cost to foraging) or expend more energy on movement when in
fragmented landscapes, which can reduce survival and reproduction (Geist 1971; Bleich
et al.1996; Frid and Dill 2002). Bighorn sheep occupying agricultural areas may have
access to abundant, highly concentrated forage, but the rewards of foraging in
anthropogenic landscapes may come with an increased risk of mortality from fences,
vehicles, or disease (Andrew et al. 1997; Bonnot et al. 2013; Carpenter et al. 2014).
Variation in risk and rewards associated with human disturbance likely increase the
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potential for individually-varying strategies in space use and movements, as has been
shown for other ungulate species (e.g., Berger 2007; Dussault et al. 2012).
Once widely distributed through western North America, bighorn sheep were
extirpated from much of their historical range by the turn of the 20th century as a result of
habitat loss, overhunting, and disease (Carpenter et al. 2014). Bighorn sheep are
considered to be poor colonizers (Geist 1971; Douglas and Leslie 1999) and highly
specialized in their use of habitat (Shackleton et al. 1999), so populations may fail to
establish, persist, or expand without intervention. Although reintroduction and
augmentation efforts have reestablished populations in much of their range, many of
these populations are relatively small, isolated, and require intensive management
(Valdez and Krausman 1999; Ramey et al. 2000; Carpenter et al. 2014). Populations
established through reintroduction from multiple source populations may exhibit high
variability among individuals in patterns of seasonal space use and movement (Dolev et
al. 2002; Jesmer et al. 2018).

The easternmost extent of historical and current wild bighorn sheep range extends
into western Nebraska, USA, but their spatial ecology is poorly understood in this region
and the quality of habitat for bighorn sheep in these peripheral areas is unknown. Bighorn
sheep were initially reintroduced to western Nebraska in 1981 and the population was
augmented with additional animals translocated from multiple source populations until
2014 (Wild Sheep Working Group, unpublished data). However, the population in
Nebraska has declined in recent years, notably due to stochastic die-offs and depressed
recruitment (NGPC, unpublished data). Natural habitat in western Nebraska is dominated
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by short- and mixed-grass prairie, but much of the landscape has been altered for
cropland and development. Bighorn sheep in this region may be avoiding areas of human
disturbance, thereby increasing energetic costs and risk of mortality, or exploiting
agricultural resources such as crops and water, thereby increasing their forage efficiency.
Currently, it is unknown whether bighorn sheep in Nebraska migrate or how their space
use may vary relative to human disturbance, as there is no published information on
home range or seasonal movement patterns in Nebraska. Survival and reproduction of
adult females strongly influence population growth of bighorn sheep; thus, understanding
the spatial ecology of adult females in the state will address a key knowledge gap and
represent an important first step in evaluating factors that limit bighorn sheep in
Nebraska.
We deployed GPS radio-collars on 56 adult ewes in western Nebraska to quantify
seasonal space use and movements of ewes and investigate factors that influence home
range size. First, we hypothesized that space use and movements of ewes would be highly
variable among seasons and individuals, reflecting different strategies for obtaining
resources such as escape terrain and food in a heterogeneous landscape. Specifically, we
predicted that individual ewes would occupy home ranges during lambing season that
were spatially distinct and smaller than those used by the same individuals during the
remainder of the year (P1). We also predicted that ewes, even within the same
subpopulations, would show considerable individual-level variation in their use of home
ranges and movements across seasons (P2). Second, we hypothesized that space use and
movements would be strongly influenced by anthropogenic disturbance. Here we
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predicted that ewes would occupy larger home ranges and move greater distances
between seasonal ranges in areas with higher road densities as a measure of habitat
fragmentation (P3). Finally, we also predicted that despite the variation across individuals
and seasons, individual females would exhibit strong fidelity to lambing and winter home
ranges given the importance of these seasons to reproduction and survival (P4). Our work
establishes the basic spatial ecology of female bighorn sheep in a population at the
eastern periphery of the current and historical range. Our results will inform management
efforts in Nebraska and expand understanding of space use and movement of bighorn
sheep relative to variation in environmental conditions for the species more generally.
METHODS
Study Areas
Rocky Mountain bighorn sheep (O. c. canadensis) from South Dakota were
introduced to Nebraska in 1981 at Fort Robinson State Park. Five additional
translocations of sheep from Colorado, Montana, Alberta, and within Nebraska resulted
in the five herds that occupied Nebraska in two subpopulations during our study (Figure
1). These subpopulations occupied the Pine Ridge and the Wildcat Hills, which are
separated by approximately 95 km in the panhandle of western Nebraska. The Fort
Robinson, Barrel Butte, and Sowbelly herds inhabited the Pine Ridge, while the
Hubbard’s Gap and Cedar Canyon herds inhabited the Wildcat Hills. The Pine Ridge is a
rocky sandstone escarpment approximately 1500 meters in elevation spanning about 88
km eastward from the Wyoming border to White Clay, Nebraska. The Wildcat Hills
comprises a similar escarpment that spans approximately 72 km in the central panhandle
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to the south from the Wyoming border eastward to McGrew, Nebraska. The natural
vegetation types were mainly short- or mixed-grass prairie, shrubland, and scattered sand
sage. Stands of pine woodlands were interspersed throughout the study areas, mainly on
north- and east-facing slopes. The Pine Ridge had several year-round natural water
sources, including Hat Creek, Soldier Creek, and the White River, and the floodplains of
these riparian areas supported deciduous woodlands and meadows. The Wildcat Hills are
flanked by the North Platte River to the north and Pumpkin Creek to the south, with few
streams and pools that served as intermittent sources of water. Prominent areas of public
land were open to seasonal recreation, hunting, and grazing. Private lands used for
ranching, crops, residence, and development were interspersed throughout our study
areas. The climate was typified by warm summers (11.1 – 32.2 C) and cold winters (10.8 – 6.9 C), with conditions in the Wildcat Hills being slightly warmer and drier (3.99
– 5.04 cm annual rainfall; usclimatedata.com for Crawford, NE and Scottsbluff, NE).
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Figure 1: Location of the Pine Ridge and Wildcat Hills study areas in western Nebraska, USA. Red
outlines indicate areas occupied by GPS-collared bighorn sheep ewes between 2018 and 2020.

Field Methods
Nebraska Game and Parks Commission (NGPC) and South Dakota State
University (SDSU) captured adult female bighorn sheep via helicopter net-gunning in
February 2018 (n = 40 captures) and February 2019 (n = 40 captures). NGPC and SDSU
collected information on the age (estimated by tooth eruption patterns; Dimmick and
Pelton 1996), location, herd, and disease status (via nasal and tonsillar swabs) of each
animal at capture. NGPC and SDSU deployed GPS collars (Vertex Lite model, Vectronic
Aerospace GmbH, Berlin, Germany) on 56 individual ewes in the Pine Ridge (n = 28)
and Wildcat Hills (n = 28). We programmed collars to attempt 24 GPS fixes per day and
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to drop off after one (2019 deployments) or two (2018 deployments) years. Fourteen
radiocollared ewes died before the conclusion of the study, and an additional five ewes
were removed in February 2019 as part of a disease research and management project.
Seasonal Home Ranges
We used GPS telemetry data to estimate seasonal home range patterns of
radiocollared ewes. We defined seasons as winter (1 December - 31 March),
lambing/summer (1 April – 31 July), and autumn/rut (1 August - 30 November), similar
to the biological seasons used by DeCesare and Pletscher (2006) and adjusted for local
conditions based on observational data (Smith et al. 1991, NGPC unpublished data).
Winter of 2018 was left truncated (14 February – 31 March 2018) and winter of 2020 was
right truncated (1 December 2019 – 29 February 2020) because captures occurred in
February and collars were removed or dropped off at the end of the study. We only
estimated seasonal home ranges for animals that we tracked for a minimum of 30 days
during a given season. We estimated adaptive non-parametric 95% local convex hull (aLoCoH) home ranges (Getz and Wilmers 2004) for individuals for each season using the
T-LoCoH package in R (Lyons et al. 2013). The a-LoCoH method includes all locations
within the a-parameter distance of a root location and generates smaller hulls in areas of
higher use (Getz et al. 2007). We calculated the a-parameter as the maximum distance
between any two locations for an individual within a season (following Getz et al. 2007).
For any tests involving seasonal home ranges and movements, we first compared them
between subpopulations. If there was no difference detected, we pooled data across
subpopulations. We used t-tests assuming unequal variances to compare home range size
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between ewes in the Pine Ridge and Wildcat Hills to establish whether space use differed
in the two subpopulations. We used paired t-tests to compare seasonal home range size of
the same individuals across seasons and years (P1).
We calculated overlap between different seasonal home ranges within a given
year for each individual to determine if individuals had spatially distinct seasonal home
ranges or used a similar home range throughout the year (P1). We determined home
range overlap by calculating the ratio of overlap area to the total home range area of each
ewe using the following formula from Kernohan et al. (2001):

𝐻𝑅𝑖, 𝑗 =

𝐴𝑖, 𝑗
𝐴𝑖

where HRi,j is the proportion of the animal i’s seasonal home range that is overlapped by
the animal j’s seasonal home range, Ai is the area of i’s seasonal home range, and Ai,j is
the area of overlap between the two seasonal home ranges (Kernohan et al. 2001). To
simplify our results to a single value of overlap, we determined the mean proportion of
pairwise home range overlap as:
𝐴𝑖, 𝑗 𝐴𝑖, 𝑗 0.5
𝑜𝑣𝑒𝑟𝑙𝑎𝑝 = (
𝑋
)
𝐴𝑖
𝐴𝑗
(Minta 1992). To investigate home range fidelity across years, we compared the overlap
of seasonal ranges of the same individuals across years (e.g., lambing 2018 and lambing
2019) using paired t-tests (P4). We estimated the range and standard deviation for home
range size and overlap across individuals to characterize individual-level variation (P2).
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Seasonal Displacement
We measured the distance in kilometers between the nearest edges of the farthest
polygons of sequential seasonal home ranges (e.g., lambing to rut, rut to winter) to
quantify between-season displacement (Kitchen et al. 2000). We estimated mean
displacement as the distance between home ranges for each season-pair (e.g., lambingrut, rut-winter) for both study areas. We estimated the range and standard deviation for
displacement distances between sequential seasons to characterize variation across
individuals (P2). We used paired t-tests to compare seasonal displacement within
subpopulations and t-tests assuming unequal variances to compare between
subpopulations to establish whether space use differed in the two areas.
Factors influencing home range size
We estimated road density (km/km2) within each individual’s seasonal home
range using United States Census TIGER 2015 data. We first compared road densities
within home ranges between ewes in the Pine Ridge and Wildcat Hills with t-tests
assuming unequal variances to establish if there was a clear difference in human presence
in the areas occupied by female bighorn sheep in the two subpopulations. Next, we used
semi-parametric generalized additive mixed models (GAMMs) to investigate factors
influencing home range size in a multivariate context. We included season and
subpopulation as parametric fixed predictor variables, and the continuous variable of road
density as a non-parametric, smooth predictor variable. The inclusion of the smooth term
allowed us to investigate potential non-linear relationships between road density and

34

home range size (P3) by interpreting the effective degrees of freedom (edf) and P value.
An edf of 1 implies a linear relationship, while increasing edf values indicate increased
non-linearity or ‘wiggliness’ (Wood 2006). We also included random intercepts of
individual and social group to account for the lack of independence between seasonal
home ranges of the same individual and the potential lack of independence of space use
within social groups.
Bighorn sheep sociality is complex, temporally variable, and characterized by
fission-fusion associations among females (Festa-Bianchet 1991; Vander Wal et al.
2016). Social groups were not easily defined in the herds we studied as some ewes
exhibited a high degree of spatial overlap, but spent little or no time in close proximity.
Additionally, spatial and temporal associations were highly variable across seasons and
years. To address the potential for lack of independence of home range patterns within
social groups, we organized radiocollared bighorn sheep into social groups for each
biological season based upon both home range overlap and the proportion of time spent
in close proximity. Specifically, we considered ewes to be in social groups during a given
season if a) there was overlap in their home ranges, and b) they were in close proximity
(<100 m) for at least 25% of their simultaneous, hourly locations during a given season.
Although we acknowledge this is an oversimplification of bighorn sheep sociality, it
allowed us to investigate individual variation in home range size while accounting for the
potential lack of independence of space use by females that exhibited social association
during a given season.
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RESULTS
Home Range Size
We estimated 283 seasonal home ranges for 56 individual ewes. Home range size
was highly variable among individuals, even within seasons and subpopulations (Figure
2). We detected differences in home range size between the Pine Ridge and Wildcat
Hills, therefore we conducted all comparisons of seasonal home range size within study
areas. In the Pine Ridge, lambing ranges were between 0.82 km2 and 12.20 km2 (n = 37,
mean = 4.93, SD = 2.49), rut ranges were between 1.47 km2 and 13.95 km2 (n = 35, mean
= 8.01, SD = 3.88), and winter ranges were between 0.29 km2 and 8.28 km2 (n = 60,
mean = 3.79, SD = 2.14). In the Wildcat Hills, lambing ranges were between 0.49 km2
and 12.67 km2 (n = 44, mean = 2.62, SD = 0.98), rut ranges were between 1.21 km2 and
14.40 km2 (n = 41, mean = 5.68, SD = 2.53), and winter ranges were between 0.14 km2
and 12.09 km2 (n = 66, mean = 4.04, SD = 2.25).

Figure 2: Variation in seasonal home range size for bighorn sheep ewes in the Pine Ridge (n = 132)
and the Wildcat Hills (n = 151) subpopulations of western Nebraska, USA. The boxes represent the
interquartile range, means are denoted by Xs, and bars show the range (excluding outliers).
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Across all years, lambing ranges (n = 37, mean = 4.926, SD = 2.497) and rut
ranges (n = 35, mean = 8.005, SD = 3.881) were larger in the Pine Ridge than Wildcat
Hills (nlam = 44, meanlam = 3.327, SDlam = 2.440, Plam = 0.005; nrut = 41, meanrut = 5.683,
SDrut = 2.535, Plam = 0.004), but we detected no difference in size between the two
subpopulations for winter ranges (nPR = 60, meanPR = 3.791, SDPR = 2.141; nWCH = 66,
meanWCH = 4.04, SDWCH = 2.246, P = 0.526; Figure 3).
Within years, mean home range size varied by season for ewes in both
subpopulations (Figure 3). Rut ranges were the largest in size in both subpopulations and
both years. Lambing and winter ranges did not differ in size between subpopulations
except in the Pine Ridge in 2018 (n = 20, meanlam = 4.654, SDlam = 2.704; nwin = 3.228,
SDwin = 2.074, P = 0.001).
The 2019 winter season was the only winter with data spanning the entirety of the
seasonal period (December-March). When we compared 2018 seasons with the 2019
winter, we detected no difference between 2018 lambing and 2019 winter home range
size for the Pine Ridge, but 2018 lambing (n = 15, mean =2.514, SD = 0.764) and 2019
winter (n = 15, mean = 4.025, SD = 1.994) home range size did differ in the Wildcat
Hills (P < 0.001).
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Figure 3: Mean seasonal home range size for individual ewes in the Pine Ridge (n = 132) and Wildcat
Hills (n = 151) of western Nebraska, USA over two years.

Home Range Overlap
All ewes exhibited overlap between at least two of their seasonal home ranges in
2018 and 2019 (n = 230, mean = 0.42, SD = 0.149, range = 0 – 0.743) and 92.3% of ewes
had overlap among all seasons within a given year. Three ewes (5.7%) overlapped only
two of three seasonal home ranges within a single year, and only one ewe had a seasonal
home range that did not overlap any other ranges in that year (rut range was discrete in
2018, but not in 2019).
For both years, lambing ranges had more overlap with rut ranges than winter
ranges (nlam-rut = 74, meanlam-rut = 0.479, SDlam-rut = 0.118; nlam-win = 74, meanlam-win =
0.403, SDlam-win = 0.130; P <0.001). The proportion of lambing-rut overlap ranged from 0
– 0.743 (n = 75, mean = 0.475, SD = 0.123), rut-winter overlap ranged from 0 – 0.649 (n
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= 73, mean = 0.362, SD = 0.166), and winter-lambing overlap ranged from 0.024 – 0.649
(n = 81, mean = 0.398, SD = 0.133).
Seasonal Displacement
Seasonal displacement was highly variable across individuals and ranged from 1.5
km to 23.8 km between sequential seasons. Pooling data across years, we detected no
difference in displacement between seasonal home ranges for ewes in either
subpopulation (all P > 0.085) except in the Wildcat Hills, where rut-winter displacement
(n = 39, mean = 7.457, SD = 2.865) was greater than winter-lambing displacement (n =
39, mean = 6.264, SD = 2.661, P = 0.034). When comparing across subpopulations,
winter-lambing displacement was greater in the Pine Ridge (n = 37, mean = 8.713, SD =
3.686) than Wildcat Hills (n = 44, mean = 6.606, SD = 2.889, P = 0.006), and Pine Ridge
lambing-rut displacement (n = 34, mean = 8.450, SD = 2.922) was greater than in
Wildcat Hills (n = 40, mean = 6.720, SD = 2.493, P = 0.009). There was moderate
evidence that rut-winter displacement was greater in the Pine Ridge (n = 34, mean =
8.564, SD = 2.243) than the Wildcat Hills (n = 39, mean = 7.457, SD = 2.865, P = 0.069;
Figure 4).
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Figure 4: Mean distance in kilometers between sequential seasonal home ranges of individual
bighorn sheep ewes in Nebraska, USA from 2018 to 2020.

Factors Influencing Home Range Size
Road density within seasonal home ranges was higher in the Pine Ridge (n = 132,
mean = 0.496, 95% CI = 0.431 - 0.561) than the Wildcat Hills (n = 151, mean = 0.259,
95% CI = 0.217 - 0.301; Figure 5). The multivariate GAMM indicated that home range
size did not differ significantly between subpopulations (βPine Ridge = -0.813 [reference =
Wildcat Hills], t = -1.324, P = 0.187) or years (β2018 = -0.629 [reference = 2019, t = 1.084, P = 0.279). Lambing (β = -1.983, t = -2.710, P = 0.007) and winter (β = -2.462, t =
-3.399, P < 0.001) home ranges were both smaller than rut home ranges. There was
generally positive, non-linear relationship between home range size and road density (edf
= 3.447, F = 22.61, P <0.001; Figure 6). The model predicted that home range size
increased with increasing road density up to about 0.7 km/km2, and then remained
relatively constant at higher road density (Figure 6). Overall, the GAMM explained a

40

considerable proportion of the variation in home range size for female bighorn sheep in
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Figure 5: Mean road density within seasonal home ranges of female bighorn sheep in the Pine Ridge
(n = 132) and Wildcat Hills (n = 151) subpopulations in western Nebraska, USA, 2018-2020.
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Figure 6: Relationship between home range size and road density of bighorn sheep ewes in
Nebraska, USA as predicted by a Generalized Additive Mixed Model (GAMM) that also
included fixed, parametric effects of season, subpopulation, and year. The values on the yaxis are centered on zero, with negative numbers indicating smaller predicted home range
size and positive numbers predicting larger home range size. The shaded area shows the
95% confidence interval for the mean of the road density effect.

Seasonal Home Range Fidelity across Years
We detected no difference in year-to-year seasonal home range fidelity between
subpopulations (all P > 0.108). With ewes from both subpopulations pooled, there was
more fidelity to lambing home ranges (n = 28, mean = 0.522, SD = 0.118) than winter
home ranges (n = 93, mean = 0.373, SD = 0.148, P < 0.001). There was also more
fidelity to rut home ranges (n = 27, mean = 0.524, SD = 0.114) than winter home ranges
(P < 0.001). However, there was no difference between fidelity to lambing and rut home
ranges (P = 0.935).
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DISCUSSION
Home range behavior and seasonal movements within this population appear to
differ from others that have strong migratory tendencies, such as those in high-elevation
montane regions. In a study of 18 populations across four states, Lowery et al. (2019)
reported migration distances between summer and winter home range centroids of
bighorn sheep ewes between 0.07 km and 54.57 km with a mean of 10.69 km. In contrast,
we used three seasonal ranges per year and measured the distances between home range
polygons rather than centroids due to high overlap between seasonal ranges, resulting in
migration distances ranging from 1.51 km to 23.80 km with a mean of 7.68 km.
However, some populations native to prairie badlands and desert environments may not
have been historically migratory (Singer et al. 2000). This is possibly due to snow depth
and seasonal changes in plant phenology that are exacerbated by increases in elevation
and are not experienced in lower elevations and milder climates (Poole et al. 2016; Singer
et al. 2000).
Other studies of bighorn sheep (Festa-Bianchet 1988; Berger 1991; Etchberger
and Krausman 1999) found ewes spend increased time in more rugged terrain at a cost to
foraging opportunities peri-parturition and while rearing lambs, but that drivers of space
use in other seasons were less defined. We found mixed results for our predictions that
ewes would have smaller, spatially discrete home ranges during the lambing season (P1)
and exhibit high annual fidelity to lambing and winter ranges (P4). Lambing ranges were
smaller than rut home ranges, but not winter home ranges. Lambing home ranges were
not spatially discrete from other seasonal ranges, but ewes did exhibit high fidelity to
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lambing home ranges across years. Our results of high lambing range fidelity agree with
the literature (e.g. Festa-Bianchet 1988; Berger 1991; Etchberger and Krausman 1999) on
the importance of suitable parturition/rearing sites (i.e. extremely rugged terrain), the
location and availability of which are fixed across time. Conversely, forage availability
appears to influence home range fidelity less during lambing, in part because high quality
forage may not occur in the same place as extreme escape terrain. Lower fidelity in nonlambing seasons could indicate a shift in resource use away from extreme escape terrain
to other resources like high quality forage, the availability and distribution of which may
vary across years and that are normally limiting factors in harsher environments. Studies
of resource selection for this population are necessary to investigate seasonal patterns in
critical resource use, particularly to explore trade-offs between predator avoidance and
foraging opportunities that may elucidate patterns in seasonal movement.
Additional studies suggest that translocated animals may migrate at a much lower
rate than animals native to that environment in part due to a lack of generational
knowledge of local migration routes, and that rates may increase over time (FestaBianchet 1991; Jesmer et al. 2018; Robinson et al. 2019; Lowery et al. 2019). Lowery et
al. (2019) reported mean migration distances of restored populations were about half of
those for populations of native ewes. Since bighorn sheep were extirpated from the state,
Nebraska’s population was re-established with animals translocated from multiple source
herds from outside this region and comprise at most three to four generations. The
apparent lack of seasonal migration in Nebraska’s population could be in part due to the
loss of knowledge of migration patterns used by previous populations (Jesmer et al.
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2018). Further observations of the movements within this population are warranted to see
if their migration behaviors change, especially in subgroups with depressed recruitment.
Between August 2017 and August 2019, the Pine Ridge subpopulation declined
from an estimated 110 to 51 individuals among three herds (Barrel Butte, Fort Robinson,
and Sowbelly). The ewes that were GPS-collared for this study between 2018 and 2019
represented between 25% and 53% of the Pine Ridge subpopulation (30-64% of the
Barrel Butte herd and 40-86% of the Fort Robinson herd). In contrast, the Wildcat Hills
herds (Hubbard’s Gap and Cedar Canyon) increased from an estimated 145 to 198
individuals. Collared ewes represented 14-19% of the Wildcat Hills subpopulation (2331% of the Hubbard’s Gap herd). Having such a high proportion of collared individuals
allowed us to capture a wide range of responses in the space use of this population.
Notably, we saw high individual variation in seasonal home range size (0.14 – 14.40
km2), overlap between seasonal home ranges (0% to nearly 75%), and displacement
between seasonal home ranges (1.5 – 23.8 km; supporting P2). These diverse individual
responses might suggest variable strategies with respect to forage-predation risk tradeoffs, response to fragmentation, or the influence of other individuals.
In populations where bighorn sheep form social groups that are maintained
throughout the year, space use and movements may be similar among individuals within
these groups (Festa-Bianchet 1986, 1991; DeCesare and Pletscher 2006). Many previous
studies of bighorn sheep have considered the space use and movements of herds or
metapopulations rather than individuals to assess overall trends in space use (Bleich et al.
1990, 1996; Singer et al. 2000). However, investigation of individual-level variation of
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space use and movements within herds may be especially relevant in populations where
social associations are more ephemeral and fluid (Pinter-Wollman et al. 2014). In this
study, social groups varied in size between one and thirteen radiocollared individuals (up
to 86% of each herd was radiocollared, and social groups represented 5-100% of the
radiocollared herd), although the number of uncollared individuals in each group was
unknown. Social associations were inconsistent between seasons and years, but
acknowledging the influence of seasonal social groups allowed us to account for the lack
of independence among individuals within groups, while still considering variation in
individual space use decisions. Individual decisions influence group-level responses,
which may recursively impact the behaviors of individuals and drive demographic
changes (Michelena et al. 2009; del Mar Delgado et al. 2018). In fission-fusion social
systems, such as bighorn sheep, the influence of individuals on groups and of groups on
individuals may be even more complex and unpredictable (Sundarensan et al. 2007;
Ramos-Fernandez and Morales 2014). Different foraging strategies, risk-reward tradeoffs, or other behavioral variation among individuals may shape the way populations
exploit resources, move on the landscape, or adapt to landscape changes like wildfire or
human encroachment (Kie 1999; Lima and Dill 1990; Couzin 2006). Populations with
dynamic social associations may also experience increased transmission of diseases, an
issue that has had profound impacts on bighorn sheep populations across their range,
including in Nebraska (Cassaigne et al. 2010). It is generally accepted that fission-fusion
dynamics are beneficial for reducing competition and using heterogeneously distributed
resources, such as in fragmented habitat (Michelena et al. 2009; Ramos-Fernandez and
Morales 2014).
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Habitat fragmentation can lead to larger home ranges as individuals must travel
further to obtain resources (Kie et al. 2002). We predicted larger home ranges as road
density increased, and our results show larger mean home range size and higher mean
displacement in the Pine Ridge where road density was higher (supporting P3), although
we did not investigate the effects of other potentially influential factors such as forage
quality and distribution in our models. Larger home ranges in fragmented habitat could
indicate that individuals are expending more energy and exposing themselves to higher
risk of mortality when seeking resources (Lima and Zollner 1996). Bighorn sheep
populations may live in naturally fragmented habitat due to their requirement for rugged
terrain (Bleich et al. 1990, 1996; Festa-Bianchet 1991), and anthropogenic features—
particularly roads—may inhibit dispersal in some populations (Bleich et al. 1996; Epps et
al. 2007). As human development expands, there may be increased adverse effects on
isolated bighorn sheep populations, including those in Nebraska.
This study represents the first comprehensive analysis of the spatial ecology of
female bighorn sheep in Nebraska using GPS data and established a baseline for future
monitoring. With this information, managers can more easily identify important areas
used by this population and where targeted habitat management efforts would be most
effective. Our results also highlight the effect of habitat fragmentation on this population,
an issue that could inhibit herd expansion or exacerbate herd decline. Including rams in
future studies would provide even more information on individuals with very different
seasonal space use patterns within the same population. Additionally, further assessment
linking spatial ecology and fitness could be explored to better understand the role of
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space use in herds experiencing decline. Many bighorn sheep populations across North
America struggle with the same issues limiting their recovery, and there is not a single
style of management that can be successfully applied to all populations. Comparisons
between this and other populations of bighorn sheep in their movement behaviors could
prove useful in the adaptation of successful management practices used with similar
populations.
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CHAPTER 2: RESOURCE SELECTION OF NEBRASKA BIGHORN SHEEP:
IMPLICATIONS FOR PREDATION RISK, FORAGING EFFICIENCY, AND
DISEASE TRANSMISSION IN A HUMAN-ALTERED LANDSCAPE
ABSTRACT
Resource selection may potentially influence population dynamics of bighorn
sheep, an ecologically fragile species that has seen slow establishment of self-sustaining
populations following reintroduction to portions of the western United States. We
quantified resource selection patterns of GPS-collared bighorn sheep ewes distributed
across the current occupied range in the Pine Ridge and Wildcat Hills regions of
Nebraska. We used a mixed-effects logistic regression with used and available locations
for each individual to evaluate selection of topographical features, escape terrain, and
index of high quality forage, and natural and anthropogenic landscape features. Ewes
selected escape terrain, more rugged terrain, higher elevations, and water in all seasons.
Selection of roads, development, and crops varied by season and subpopulation. Our
results provide insight into the potential trade-offs between forage efficiency and
predation risk as well as variation in behavior that could affect transmission of pathogens.
INTRODUCTION
Resource selection is a critical behavioral process of animals operating across
multiple spatial scales that influences the fitness of individuals and growth of populations
(Beyer et al. 2010; DeCesare et al. 2014; Sandford et al. 2017). Resource selection may
be based on perceived risk-reward trade-offs, and the value of some resources may vary
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depending on the requirements of the individual at a given time. Although the fitness
costs and benefits of selection behavior are best measured by the lifetime reproductive
success of individuals, this is difficult to quantify for free-ranging large mammals
(Morris 2002; Beyer et al. 2013). However, documenting selection of resources that are
likely to be associated with mortality and reproduction can provide insight about
behavioral strategies influencing individual fitness and population growth.
Habitat selection is a hierarchical process involving behavioral decisions made by
an animal leading to the use of a habitat and its resources (Johnson 1980; McLoughlin et
al. 2007). Animals generally establish home ranges in habitats where there are sufficient
resources, including adequate food, water, and refugia from predators (Fretwell and
Lucas 1970; Morris 1987; Pulliam and Danielson 1991). Variation in resource
requirements and availability across temporal and biological periods can influence habitat
selection in space and time. In addition, human alteration of landscapes may influence
habitat and resource selection patterns of many species (Frey et al. 2017). Human
disturbance can impact populations by impelling animals to leave otherwise suitable
habitat near disturbed areas (Frid and Dill 2002). Alternatively, animals may remain in
disturbed habitat even if survival and reproduction are compromised (Gill et al. 2001).
Animals may be faced with a conflict as they select resources if optimal foraging
opportunities increase their exposure to mortality (usually predators) (Sih 1980; Verdolin
2006). Trade-offs between foraging efficiency and predation risk can occur across
different spatio-temporal scales and often drive resource selection by prey species (Lima
and Zollner 1996; Hebblewhite and Merrill 2009). For many ungulates, seasonal food
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quality and availability drive individuals to migrate to maximize their foraging efficiency,
even though migration is not free of risk and is itself energetically expensive
(Hebblewhite and Merrill 2009, Villepique et al. 2015). Trade-off decisions may also
vary according to the biological conditions and requirements of an animal. For example,
studies of bighorn sheep (Ovis canadensis) have found that ewes spend increased time
avoiding predators at a cost to foraging opportunities while rearing lambs despite the high
energetic cost of lactation (Festa-Bianchet 1988; Bleich et al. 1997; Berger 1991).
Some individuals will use resources associated with increased risk of mortality if
the reward is perceived as being sufficient; this is known as risk-balancing (Fraser and
Huntingford 1986). Risk-balancing foragers may accept greater predation risk for a
perceived higher food reward, and the risks and rewards may be adjusted according to
resource needs and availability (Pitcher et al. 1988). Risk-balancers may also accept
unknown risks of mortality when weighing benefits and costs of resources. These
individuals may seek out agricultural areas or livestock facilities for food and water, and
occupying anthropogenic areas can also provide refuge from predation (Berger 2007;
Møller 2012). However, animals can be exposed to pathogens from livestock or become
entangled in fencing (Scott 1988; Wyoming Game and Fish Department 2004). These
maladaptive behaviors may be especially prevalent in human-altered landscapes because
the negative effects on fitness may be different from those experienced during their
evolutionary histories (Delibes et al. 2001).
Behavioral patterns in risk-reward trade-offs may potentially influence fitness and
population dynamics of bighorn sheep, an ecologically fragile species that has seen slow
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establishment of self-sustaining populations following reintroduction to portions of the
western United States (Ramey et al. 2000). Much of their historical range has been
converted to agriculture or is used for livestock grazing, and many populations exist in
fragmented or shrinking habitat (Douglas and Leslie 1999). Human activities, habitat
loss, and epizootics have been identified as factors limiting bighorn sheep demography
(Carpenter et al. 2014) and have driven them to become increasingly specialized in
habitat selection (Shackleton et al. 1999). Thus, quantifying resource selection patterns of
a threatened population is an important step toward understanding behavioral patterns
that influence population dynamics.
Nebraska provides a unique perspective from which to study resource selection
because it lies on the eastern margin of the historical range of bighorn sheep. The native
shortgrass prairie in western Nebraska differs from most areas across their historical
range that are considered to be high-quality habitat for wild bighorn sheep (Bleich et al.
1990). There is a lack of published data about behavioral ecology, habitat relationships,
and population dynamics of bighorn sheep in Nebraska, currently or historically. In fact,
relatively little is known about bighorn sheep populations in mixed-grass prairie habitats,
as most research on bighorn sheep has been conducted on mountain and desert
populations (Zimmerman 2008).
In addition, mountain lions (Puma concolor) recently recolonized western
Nebraska after nearly a century of absence (NGPC 2017). Mountain lions have
historically preyed on bighorn sheep where their ranges overlap, and mountain lions that
specialize in bighorn sheep may have strong effects on isolated populations (Villepique et
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al. 2015; Festa-Bianchet et al. 2006; Rominger et al. 2004; Berger 1990). This effect can
be more severe for translocated populations because they may not have been sympatric
with mountain lions in the source location and they may be less familiar with the
landscape relative to native bighorn sheep populations (McKinney et al. 2003, 2006). The
presence of mountain lions on the landscape may affect populations not only directly
through predation, but by influencing habitat and resource selection patterns of bighorn
sheep at broad or fine scales. Thus, investigating resource selection patterns of bighorn
sheep in the presence of mountain lions in Nebraska is important to allow for a
comprehensive understanding of the habitat relationships and to understand behavior that
may influence mortality risk.
Finally, bighorn sheep in Nebraska exist in a mosaic of public and private land.
The occupied range is fragmented by roads, agriculture, and other anthropogenic land
uses that may change seasonally (such as public land used heavily for farming or
recreation). Bighorn sheep share grazing land with other wildlife and livestock and may
seek crop fields, water sources, and even mates on land used for agriculture. This exposes
them to pathogens carried by both wild and domestic animals through contact when
sharing resources such as foraging areas, water tanks, or mineral licks. Understanding of
the frequency and behavioral mechanisms of these interactions with domestic livestock is
limited because of the lack of published data on spatial ecology or resource selection of
ewes in Nebraska relative to anthropogenic landscape features. Populations in Nebraska
have fluctuated since their reintroduction but have been declining in most herds since
2014 (NGPC, unpublished data). Investigating behavioral mechanisms underlying the
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decline is an important step toward mitigating those factors and could have implications
for future management actions.
We quantified resource selection patterns of GPS-collared bighorn sheep ewes
distributed across the current occupied range of the species in the Pine Ridge and Wildcat
Hills regions of western Nebraska. We hypothesized that resource selection of ewes at the
population level would be primary influenced by predation risk, forage availability, and
human activity. Specifically, we predicted that ewes would select areas associated with a
lower risk of predation (i.e. escape terrain; P1) and areas where higher quality forage and
water are available (P2). We also predicted that ewes would not avoid roads or other
anthropogenic landscape features (P3). Additionally, we hypothesized that resource
selection behavior would vary by season and subpopulation, reflecting variable strategies
for obtaining resources such as escape terrain and food in a heterogeneous landscape. As
requirements for forage and refuge vary temporally throughout the year, we expected that
resources associated with food and reduced predation risk would be selected differently
across seasons. Specifically, we predicted that selection for areas of high quality forage
would be greatest in winter and selection for escape terrain would be greatest during
lambing in spring (P4). We also predicted variation in resource selection between ewes of
the Pine Ridge and Wildcat Hills subpopulations due to differences in the composition of
anthropogenic and natural landscape features (P5; see Chapter 1, Study Areas below).
Our results provide the first quantitative information on resource selection patterns for
female bighorn sheep in this reintroduced population at the periphery of the geographic
range of the species. More broadly, our work improves understanding of behavioral
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processes that may influence survival and reproduction of a population of conservation
concern in a human-impacted landscape.
METHODS
Study Areas
Bighorn sheep in Nebraska occur in two subpopulations occupying the Pine Ridge
and the Wildcat Hills regions in the far west of the state. The Pine Ridge is a rocky
sandstone escarpment approximately 1500 meters in elevation spanning about 88 km
eastward from the Wyoming border to White Clay, Nebraska (Figure 1). The Wildcat
Hills comprises a similar escarpment that spans approximately 72 km in the central
panhandle to the south from the Wyoming border eastward to McGrew, Nebraska (Figure
2). The natural vegetation types were mainly short- or mixed-grass prairie, shrubland, and
scattered sand sage. Stands of pine woodlands were interspersed throughout the study
areas, mainly on north- and east-facing slopes. The Pine Ridge had several year-round
natural water sources, including Hat Creek, Soldier Creek, and the White River, and the
floodplains of these riparian areas supported deciduous woodlands and meadows. The
Wildcat Hills region is flanked by the North Platte River to the north and Pumpkin Creek
to the south, with few streams and pools that served as intermittent sources of water.
Prominent areas of public land were open to seasonal recreation, hunting, and grazing.
Private lands used for ranching, crops, residence, and development were interspersed
throughout our study areas.
We identified 63.62 km2 of area occupied by ewes in the Pine Ridge and 50.40
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km2 in the Wildcat Hills between 2018 and 2020 (see Chapter 1). We classified the
occupied areas into seven land cover categories: Crops, Water, Grass, Trees, Cliff,
Developed, and Other (Table 1). In the Pine Ridge, Grass had the highest proportion at
0.629, followed by Trees (0.327), Crops (0.025), Other (0.011), Developed (0.005), and
Water (0.003). There was no area categorized as Cliff by our land cover layer within the
home range of the Pine Ridge subpopulation. In the Wildcat Hills, the majority of land
was classified as Grass (0.801), followed by Cliff (0.125), Trees (0.054), Other (0.011),
Developed (0.007), Water (0.002), and Crops (0.001).
Elevations within the occupied areas ranged from 1145 m to 1410 m in the Pine
Ridge and between 1180 m to 1420 m in the Wildcat Hills. The Pine Ridge subpopulation
home range had a road density of 0.602 km/km2, while road density in the Wildcat Hills
was 0.356km/km2. For more information about road density within individual home
ranges, see Chapter 1.
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Figure 1: Pine Ridge region (outlined in red) of western Nebraska, USA, showing topography and
protected/public land (outlined/filled in green). The thick black line shows the border of Nebraska
with South Dakota to the north and Wyoming to the west.

Figure 2: Wildcat Hills region (outlined in red) of western Nebraska, USA, showing topography,
protected land (green), and heavy agricultural use. The thick black line shows the border of
Nebraska with Wyoming to the west.
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Resource Selection
The hierarchical habitat selection process of Johnson (1980) describes to how
animals select a home range and resources within it. Resource selection at the second
order describes the selection of a home range from the larger landscape and at the third
order describes the selection of resources within the home range (Johnson 1980). These
resources may be habitat features (e.g., escape cover), sources of food or water, or sites
used for specific activities (e.g., parturition). For this study, we focused on third-order
resource selection. Second-order selection in bighorn sheep is difficult to define because
much of what may be considered available habitat is not biologically useable due to
behavioral constraints of bighorn sheep (Poole et al. 2016). Furthermore, second-order
resource selection is inherently uncertain from a practical perspective because of the
difficulty of defining the larger landscape from which home ranges are selected. This
highlights an advantage of third-order selection with telemetry data from wildlife as the
animals define what is available to them by exhibiting home range behavior.
Resource selection functions (RSFs) are used to quantify the relative probability
of use of a resource by an organism (Manly et al. 1993) with resource variables and/or
covariates that serve as predictors (Boyce et al. 2002). RSFs allow researchers to
compare the habitat characteristics of used locations to those of available locations. If
animals use a resource disproportionately more or less relative to its availability, it is
considered to be selected or avoided, respectively.
Studies of bighorn sheep have recognized many variables important to habitat
selection, including distance to escape terrain, slope, elevation, snow depth, forest cover,
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forage availability, water, and suitable lambing sites (Tilton and Willard 1982, Shannon
et al. 1975, Geist 1971). The most critical habitat feature that influences bighorn sheep
occupancy and distribution is escape terrain (Geist 1971, Van Dyke 1983, Shackleton et
al. 1999, Sweanor et al. 1995). Escape terrain is often described as steep, rugged, rocky,
or precipitous terrain that provides good visibility and protection from predators
(Shannon et al. 1975; Van Dyke 1983). However, escape terrain does not have a single
quantitative definition even within the same geographic regions or habitat types. Escape
terrain has been defined in habitat suitability studies for bighorn sheep as slopes ranging
from 27° to 36° but was evaluated for montane or desert populations only (Smith et al.
1991; Smith and Flinders 1991; Johnson and Swift 2000; Zeigenfuss et al. 2000).
Zimmerman (2008) evaluated these models for a low-elevation prairie population in
Badlands National Park (Interior, South Dakota) and found bighorn sheep there most
often used slopes greater than 40°. Fairbanks et al. (1987) reported the use of slopes
between approximately 31° and 38° in a captive population of bighorn sheep in Fort
Robinson State Park (Crawford, Nebraska). The use of steeper slopes by prairie
populations may be a function of the greater erodibility of substrates found in this region
relative to montane regions, resulting in less gradual topographic transitions (Zimmerman
2008).
We compared use of elevation, slope, aspect, ruggedness, escape terrain, forage,
and different land cover types for a population of female bighorn sheep in western
Nebraska. Using data from a United States Geological Survey 9 m digital elevation
model (DEM), we extracted elevation values from the DEM and calculated slope and
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aspect using the Spatial Analyst Tools in ArcGIS (ArcMap 10.5.1). We calculated
ruggedness using the Terrain Ruggedness (VRM) Tool in the Benthic Terrain Modeler
(BTM) Toolbox in ArcGIS using a 9-cell neighborhood (Wright et al. 2005; Sappington
et al. 2007). The tool measures terrain ruggedness as the variation in the orientation of
cells within a neighborhood, essentially capturing slope and aspect variability in a single
measure and quantifying ‘extremeness’ of escape terrain. Vector Ruggedness Measure
(VRM) values can range from 0 to 1, though typical values for natural terrains range
between 0 and 0.4 (Wright et al. 2005). We defined areas over 0.7 hectares (7000 m2)
with slopes > 27° as Escape Terrain (Decesare and Pletscher 2006; Smith et al. 1991).
We also included areas classified as Cliff in our land cover layer as escape terrain.
We used the Nebraska Land Cover Development layer based on the National
Land Cover Database (NLCD) 2016 land cover raster with a 30 m resolution (Bishop et
al. 2016). We organized 50 land cover categories into 7 types and made a raster layer for
each: Crops, Water, Grass, Trees, Cliff, Developed, and Other (Table 1). We excluded
the Other and Cliff categories from our models because they either included features with
very low occurrence or we used different sources for these categories to generate
resource layers (i.e. Roads, Escape Terrain). We used United States Census TIGER 2015
data to generate a Roads layer combining primary (paved, divided Interstate Highway),
secondary (paved US/State/County Highway, 2+ lanes), and tertiary (paved or unpaved,
1-2 lane, local, 4WD trails, or limited access) roads into a single layer.
To quantify estimates of forage availability, we used the Normalized Difference
Vegetation Index (NDVI) as a proxy for forage quality (Pettorelli et al. 2005). NDVI can
be thought of as a measure of vegetation “greenness” and is taken at multiple intervals
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and spatial resolutions via satellite. We used Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite data taken at 16-day intervals to estimate maximum
NDVI measure for each season overlaid on our land cover raster. This gave us a single
NDVI value for each 30-meter raster cell for each unique season.
We used a mixed-effects logistic regression with used (telemetry locations of
ewes) and available (locations systematically distributed across each ewe’s home range)
locations for each individual to investigate third-order resource selection (Johnson 1980).
To quantify availability, we generated systematic locations (Benson 2013) that were
evenly spaced by 120 m within the adaptive non-parametric 95% local convex hull (aLoCoH) seasonal home ranges (see Chapter 1) of each ewe. This resulted in 69
systematic locations/km2 to estimate availability within each seasonal home range. Each
available location was the center of 30m pixel containing information about the resource
variables included in our models. We quantified use and availability using distance-based
variables for land cover classes, roads, and escape terrain. Distance-based variables are
more effective than classification-based variables for detecting selection and avoidance of
landscape features that may be influential even if the animals are rarely located within
these features (e.g., roads, water; Conner et al. 2003; Benson et al. 2016). For bighorn
sheep, this was particularly important because of previous research highlighting the
importance of proximity to escape terrain, which also may influence the selection of other
resources (Smith et al. 1991; Zeigenfuss et al. 2000). To quantify selection of distancebased resource variables, we estimated Euclidean distance from GPS locations of ewes
(used locations) and systematic locations distributed across each ewe’s home range
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(available locations) to the center of the raster cell for each land cover type, escape
terrain, and to the nearest intersection with a road. We used classification-based variables
for Elevation, VRM, Aspect, and NDVI. We generalized aspect values to the 4 cardinal
directions and included a dummy-coded variable for south facing slopes (reference
category was north, west, and east facing slopes combined) to test the prediction that
bighorn sheep select south-facing slopes. To quantify selection of classification variables,
we extracted the values from the layers at GPS locations of ewes (use) and from all
systematic locations across their home ranges (availability).
We used generalized linear mixed models to investigate population-level resource
selection with a binary response variable (1 = used, 0 = available) using the lme4 package
in R (Bates et al. 2015). We included the distance-based resource variables of land cover
type, roads, and escape terrain, as well as classification-based variables of seasonal
maximum NDVI, Aspect, Elevation, and VRM (Table 2). Pearson correlation between
covariates was relatively low (r < 0.5), so we retained all covariates for analysis. For all
models, we included random intercepts of individual and social group (see Chapter 1) to
account for the lack of independence between locations from the same individuals and
potential lack of independence within social groups. We rescaled continuous variables by
subtracting the mean values and dividing by two standard deviations (Gelman 2008).
We investigated potential subpopulation-specific patterns in resource selection by
including a dummy-coded Pine Ridge variable (1 = Pine Ridge, 0 = Wildcat Hills) and
fitting interactions between subpopulation and resource variables (Benson et al. 2016).
First, we created 2 models (with and without the subpopulation interactions) for each
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season (lambing, rut, and winter). For these model sets within each season, we compared
the fit of the model with the subpopulation interaction to the simpler model with no
interactions to evaluate support for considering differences in resource selection between
ewes in the Pine Ridge and Wildcat Hills using Akaike’s Information Criterion (AIC;
Burnham and Anderson 2002). Specifically, we calculated differences (Δ) in AIC values
(lower values indicate higher model rank based on trade-offs between fit and complexity)
for each seasonal model set. We concluded that there was sufficient support for
considering differences between subpopulations if model rank was better for the model
with interactions and ΔAIC > 10 (Bolker et al. 2009). When the interaction models were
supported within a given season, we also created a subset model for each subpopulation
to allow for clearer interpretation of resources selection patterns within each
subpopulation without interactions.
We use the terms selection and avoidance throughout to indicate 1) that used
locations were significantly closer or farther, respectively, to distance-based resource
variables (land cover types, escape terrain, roads) than were available locations, or 2) that
values of classification-based resource variables (Elevation, VRM, Aspect, and NDVI)
were significantly greater or lesser, respectively, at used locations relative to available
locations. Specifically, we inferred population-level selection and avoidance by
identifying β coefficients for resource variables whose 95% confidence intervals did not
overlap 0.
To test our first hypothesis that resource selection by ewes was influenced by
forage availability and predation risk, we compared β coefficients to infer selection of

69

areas assumed to be associated with lower risk of predation (P1) or higher forage quality
(P2). We also compared the β coefficients for distance to Roads, Crops, and Development
to infer selection or avoidance of anthropogenic landscape features (P3). To test our
second hypothesis that resource selection patterns would differ across seasons and
subpopulations, we compared resource selection patterns across our 3 seasonal models
(P4) and used AIC model selection to evaluate support for differences between
subpopulations (described above, P5). Specifically, we tested the predictions that bighorn
sheep in the Pine Ridge would respond differently to anthropogenic and natural landscape
features by fitting interactions between Roads, Development, Agriculture, Grass, and the
dummy-coded Pine Ridge variable. This allowed us to evaluate differences in selection
patterns of ewes that might bring them into contact with domestic livestock and
associated diseases, as well as other sources of anthropogenic mortality risk (e.g., fences
or vehicle collisions). It also allowed us to evaluate differences in selection between
subpopulations with respect to the most common natural habitat features (Grass).
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Table 1: Resource variable categories used in resource selection models with descriptions of the
conditions that comprise land cover classes from the Nebraska Land Cover Dataset.

VARIABLE
1 Crops

CLASS
Agricultural Crops

2 Water

Riparian/Wetland/Water

3 Grass

Grassland/Shrubland/Sage

4 Trees

Upland Forested

5 Cliff (removed)*
6 Developed

Badlands/Cliffs/Outcrops
Human Development

7 Other (removed)

Roads/Railroads/Other

CONDITION
201 – Alfalfa
202 – Corn
203 – Fallow
206 – Sorghum
207 – Soybeans
208 – Sunflowers
209 – Wheat
210 – Other Small Grains
211 – Other Row Crops
13 – Sandhill Wetlands
33 – Trees – riparian
34 – Wetland
101 – Sandhill Lake
102 – Lagoon
104 – Reservoir
106 – Stock pond
152 – Emergent marsh
241 – Riparian canopy
243 – Native riparian shrubland
244 – River channel
247 – Wet Meadow
248 – Floodplain marsh
31 – CRP Grasses
36 – CRP other practices
39 – CRP
73 – Sandhills Grasslands
75 – Shortgrass
87 – Sand Sage
32 – Trees – upland
61 – Forest/Woodland
63 – Ponderosa Pine
66 – Juniper
51 – Badlands/Cliffs/Outcrops
42 – Rural developed
46 – Urban/Suburban
12 – Playas
41 – Other roads
44 – Major Roads
47 – Railroads
48 – Canals
52 – Prairie Dog Town
103 – Pit
245 – Unvegetated sandbar
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Resource Variable

Abbreviation
Aspect South
AspS
Maximum Seasonal NDVI
NDVIm
Terrain Ruggedness (Vector Ruggedness Measure) VRM
Elevation
Elev
Escape Terrain
Esc
Riparian/Wetland/Water
Water
Upland Forested
Tree
Grassland/Shrubland/Sage
Grass
Human Development
Dev
Agricultural Crops
Crop
Roads
Rds

Type
Classification
Classification
Classification
Classification
Distance
Distance
Distance
Distance
Distance
Distance
Distance

Table 2: Variables used in resource selection models of bighorn sheep ewes in Nebraska, USA.

RESULTS
We identified 605,549 locations (nPine Ridge = 283,398; nWildcat Hills = 322, 151) used
by ewes during this study. In the Pine Ridge, proportions of used points fell into the
following land cover categories: Grass (0.780), Tree (0.200), Crop (0.013), Other (0.007),
Developed (<0.001), and Water (<0.001). In the Wildcat Hills, Grass (0.505) and Cliff
(0.483) had the highest proportion of used points, followed by Tree (0.009), Other
(0.001), Developed (<0.001), Water (<0.001), and Crop (<0.001). In the Pine Ridge,
31.0% of used points were in Escape Terrain, 82.0% fell within 150 m, and 91.5% fell
within 300 m. In the Wildcat Hills, 74.6% of used points were in Escape Terrain, 97.0%
were within 150 m, and 99.3% fell within 300 m. It is important to note that the Cliff land
cover type was incorporated with steep slopes to generate the Escape Terrain resource
layer, and that Cliff was only present in the Wildcat Hills. Therefore, all areas defined as
Cliff were considered Escape Terrain, but not all Escape Terrain was classified as Cliff.
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There was strong support for our prediction of differences in resource selection
between ewes in the Pine Ridge and Wildcat hills as model fit improved substantially
with interactions between subpopulation and landscape features (P5; Table 3). Therefore,
we drew inference from the seasonal interaction models, as well as seasonal models
separated by subpopulation. Ewes selected escape terrain, terrain ruggedness, higher
elevations, and water in all seasons (Table 4). Selection of southern aspect was strongest
in the winter (β = 0.43, CI = 0.40 – 0.46), but was also selected during lambing (β = 0.26,
CI = 0.23 – 0.29) and less so in rut (β = 0.10, CI = 0.07 – 0.13).
Ewes selected some natural and anthropogenic resources differently across the
two subpopulations (P5; Table 4). Specifically, Grass (β = -0.27, CI = -0.34 – -0.20),
Development (β = -1.41, CI = -1.52 – -1.31), Crop (β = -0.64, CI = -0.72 – -0.56), and
Roads (β = -0.91, CI = -1.00 – -0.82) were all selected more strongly in the Pine Ridge
than the Wildcat Hills during lambing season (Table 4; Figure 3). Development (β = 0.83, CI = -0.94 – -0.73), Crop (β = -1.31, CI = -1.39 – -1.24), and Roads (β = -0.25, CI =
-0.33 – -0.17) were selected more strongly in the Pine Ridge than Wildcat Hills during rut
(Table 4, Figure 4). Grass (β = -0.12, CI = -0.21 – -0.03), Development (β = -0.14, CI = 0.23 – -0.04), Crop (β = -0.32, CI = -0.40 – -0.24), and Roads (β = -0.53, CI = -0.62 – 0.44) were selected more in the Pine Ridge than Wildcat Hills during winter (Table 4,
Figure 5). Mean used distance to Development ranged from 1387.61 m (SE = 86.94) to
1527.71 m (SE = 83.93) in the Pine Ridge and from 746.01 m (SE = 19.92) to 845.95 m
(SE = 29.62) in the Wildcat Hills (Table 5). Thus, although ewes selected development in
a distance-based context (i.e. they were significantly closer than expected based upon
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availability) in the Pine Ridge in all seasons and in the Wildcat Hills during winter (Table
4, Figures 3-5), they were rarely actually in development. Mean distances at used
(telemetry) locations for ewes in both subpopulations are shown in Table 5 to provide
context for our resource selection results.
Additionally, ewes appeared to select Elevation more strongly in the Pine Ridge
than in the Wildcat Hills during all seasons (Figures 3-5) although mean Elevation at
used locations were higher in the Wildcat Hills (Table 5). In the winter, ewes avoided
areas of higher maximum NDVI and selected Roads in the Pine Ridge, but selected
higher NDVI and avoided Roads in the Wildcat Hills (Figure 5).

Table 3: Comparison of fit between seasonal models with and without study area interactions used to
test hypotheses about resource selection of bighorn sheep ewes in Nebraska, USA. Shown are
Akaike’s Information Criteria (AIC) and difference between the top model and next best model for
each season (ΔAIC). Models with interactions were strongly supported in all seasons.

AIC

ΔAIC

Lambing × Subpopulation
Lambing

178740.8
179893.3

0
1152.5

Rut × Subpopulation
Rut

172139.3
173376.9

0
1237.7

Winter × Subpopulation
Winter

168647.3
168837.6

0
190.2

MODEL

Table 4: Summary results of resource selection models fit with subpopulation interactions for bighorn sheep ewes in Nebraska, USA. Shown are β
coefficients, standard error (SE), and lower and upper 95% confidence intervals of values. In addition to main effects, we included interactions between
subpopulation (PR = Pine Ridge) and specific natural and anthropogenic resource variables. Significant estimates are in bold.

Predictors
(Intercept)

β
2.76

Lambing
SE
95% CI
0.19 2.37 – 3.14

β
1.76

Rut
SE
95% CI
0.19 1.38 – 2.14

β
1.28

Winter
SE
95% CI
0.19 0.91 – 1.64

AspS

0.26

0.02

0.23 – 0.29

0.10

0.02

0.07 – 0.13

0.43

0.02

0.40 – 0.46

NDVIm

-0.71

0.03

-0.77 – -0.65

-0.43

0.02

-0.46 – -0.40

0.12

0.02

0.09 – 0.15

VRM

1.93

0.02

1.88 – 1.97

1.33

0.02

1.29 – 1.38

1.30

0.02

1.25 – 1.34

Elev

1.00

0.02

0.96 – 1.04

0.89

0.02

0.85 – 0.93

1.14

0.02

1.11 – 1.18

Esc

-0.42

0.01

-0.44 – -0.40

-0.28

0.01

-0.30 – -0.25

-0.37

0.01

-0.39 – -0.34

Water

-0.40

0.02

-0.43 – -0.37

-0.24

0.02

-0.28 – -0.20

-0.39

0.02

-0.43 – -0.36

Tree

-0.01

0.01

-0.04 – 0.01

0.07

0.02

0.04 – 0.10

0.02

0.01

-0.00 – 0.05

Grass

0.03

0.03

-0.04 – 0.09

0.04

0.06

-0.08 – 0.16

-0.05

0.04

-0.14 – 0.03

Dev

0.72

0.05

0.63 – 0.82

0.31

0.05

0.21 – 0.41

-0.48

0.05

-0.58 – -0.39

Crop

-0.12

0.03

-0.17 – -0.07

0.25

0.03

0.19 – 0.31

-0.15

0.03

-0.20 – -0.09

Rds

0.71

0.03

0.65 – 0.76

0.77

0.03

0.72 – 0.82

0.59

0.03

0.54 – 0.64

PR * Grass

-0.27

0.04

-0.34 – -0.20

-0.07

0.06

-0.19 – 0.05

-0.12

0.05

-0.21 – -0.03

PR * Dev

-1.41

0.05

-1.52 – -1.31

-0.83

0.06

-0.94 – -0.73

-0.14

0.05

-0.23 – -0.04

PR * Crop

-0.64

0.04

-0.72 – -0.56

-1.31

0.04

-1.39 – -1.24

-0.32

0.04

-0.40 – -0.24

PR * Rds

-0.91

0.05

-1.00 – -0.82

-0.25

0.04

-0.33 – -0.17

-0.53

0.04

-0.62 – -0.44
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Table 5: Mean and standard error of resource variables at used locations of bighorn sheep ewes in
Nebraska, USA, broken down by subpopulation and season. Units are show in parentheses next to
the variable. For Esc through Rds, values represent mean distance to the resource.

Asp
NDVIm
VRM
Elev (m)
Esc (m)
Water (m)
Tree (m)
Grass (m)
Dev (m)
Crop (m)
Rds (m)
Slope (°)

Lambing
Mean
SE
W
4139.80
152.46
0.07
0.01
1292.42
5.54
62.37
9.09
958.00
25.08
191.81
23.47
15.29
3.06
1527.71
83.98
1289.11
104.64
738.30
26.89
25.74
0.69

Pine Ridge
Rut
Mean
SE
W
4735.22
44.10
0.06
0.00
1295.36
5.11
129.21
17.96
958.34
38.07
229.63
26.04
28.50
6.74
1650.16 101.83
1320.29 109.23
777.92
47.50
22.04
0.63

Winter
Mean
S
2517.75
0.07
1288.19
72.86
971.04
150.34
23.38
1387.61
1407.76
762.90
25.46

SE
105.42
0.00
3.34
11.88
28.53
17.28
5.32
86.94
72.15
17.59
0.71

Asp
NDVIm
VRM
Elev (m)
Esc (m)
Water (m)
Tree (m)
Grass (m)
Dev (m)
Crop (m)
Rds (m)
Slope (°)

Lambing
Mean
SE
W
3949.76
126.34
0.10
0.00
1317.21
3.79
8.17
0.52
688.87
50.29
564.00
28.90
31.70
2.50
845.95
29.62
1439.82
79.73
960.96
25.67
30.96
0.23

Wildcat Hills
Rut
Mean
SE
N
4110.36
56.81
0.07
0.00
1306.99
3.68
22.35
1.36
714.38
69.11
460.63
19.70
20.62
1.63
803.20
19.72
1646.23
56.24
921.48
53.97
27.02
0.24

Winter
Mean
E
2358.43
0.08
1319.65
21.44
595.96
371.47
20.72
746.01
1857.99
872.91
27.77

SE
38.24
0.00
2.75
1.90
27.62
16.41
1.62
19.92
58.87
43.12
0.29

Figure 3: β coefficient plot showing relative selection and avoidance of resource variables by GPS collared ewes in western Nebraska, USA during
lambing season. Positive values for classification-based variables (Aspect South, NDVI, VRM, and Elevation) indicate relative selection of the resource,
while negative values for distance-based variables (Escape Terrain, Water, Trees, Grass, Development, Crops, and Roads) indicate relative selection.
Error bars show 95% confidence intervals.
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Figure 4: β coefficient plot showing relative selection and avoidance of resource variables by GPS collared ewes in western Nebraska, USA during rut.
Positive values for classification-based variables (Aspect South, NDVI, VRM, and Elevation) indicate relative selection of the resource, while negative
values for distance-based variables (Escape Terrain, Water, Trees, Grass, Development, Crops, and Roads) indicate relative selection. Error bars show
95% confidence intervals.
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Figure 5: β coefficient plot showing relative selection and avoidance of resource variables by GPS collared ewes in western Nebraska, USA during
winter. Positive values for classification-based variables (Aspect South, NDVI, VRM, and Elevation) indicate relative selection of the resource, while
negative values for distance-based variables (Escape Terrain, Water, Trees, Grass, Development, Crops, and Roads) indicate relative selection. Error
bars show 95% confidence intervals.
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DISCUSSION
Ewes consistently selected greater terrain ruggedness, higher elevation, and closer
proximity to escape terrain across seasons and subpopulations, supporting our prediction
that ewes select resources to minimize predation risk (P1). While the use of visually open
and precipitous terrain by bighorn sheep may have evolved as an effective strategy to
avoid coursing predators, these strategies may be less effective against ambush predators
that can navigate difficult terrain (e.g., mountain lions; Festa-Bianchet 1991; Rominger
2018). It is more difficult to tease apart the effects of predation on the behavior of this
population where evolutionary strategies may differ from direct experience, especially
since sympatry of current populations of mountain lions and bighorn sheep in Nebraska is
relatively recent. However, we recognize the limitation of making strong inference on the
nature and efficacy of behavioral responses to predators without integrating data from
predators into our models. Future studies could incorporate telemetry data and kill site
locations into RSF models to generate a layer quantifying the probability of use of
mountain lions. This layer could be used to compare the characteristics of areas used by
bighorn sheep in relation to their probability of encountering (telemetry data) or being
killed by (kill site data) mountain lions. It may be useful for managers to investigate
whether individual mountain lions are specializing on bighorn sheep as prey, which may
have significant negative impacts on small populations (Festa-Bianchet et al. 2006).
Ewes did not select the proxy for high quality forage (NDVI; except during winter
in Wildcat Hills), but Water was consistently selected across all seasons (P2). We found
that ewes selected Grass during lambing season more strongly in the Pine Ridge than the
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Wildcat Hills while simultaneously strongly avoiding higher NDVI and strongly selecting
escape terrain variables (VRM, Escape Terrain, Elevation). This may reflect a strategy by
ewes to prioritize safety from predation at the cost of avoiding the highest quality forage,
which may be particularly important during lambing. The Grass layer was extracted from
the land cover raster, which identified no Badlands/Cliffs/Outcrops in the Pine Ridge
region occupied by our radiocollared ewes despite the existence of suitable escape
terrain. We conclude that the escape terrain used by ewes in the Pine Ridge was not bare
rock (as seen in the Wildcat Hills) but consisted more of steep grassy slopes and grasscovered buttes that register as Grass in satellite imagery.
One caveat for using NDVI as a proxy for forage quality for bighorn sheep is the
conflation of greenness and desirability in that high NDVI values may be associated with
lush green grass (desirable) or dense tree cover (avoided by bighorn sheep, Risenhoover
and Bailey 1980; Greenwood et al. 1992; Smith et al. 1999). High NDVI values may also
be associated with water sources, especially in arid climates, and bighorn sheep may
avoid these areas if they are far from escape terrain or if vegetation cover exceeds 2530% (Escobar-Flores et al. 2019; Valdez and Krausman 1999). Areas with the highest
NDVI values may have been avoided in most seasons because ewes were prioritizing
safety over foraging efficiency as NDVI may have been associated with visual
obstruction or increased risk of predation. For our models, we adopted a simplified
approach and interpreted high NDVI values as high quality forage, and we used a coarse
temporal resolution to estimate the maximum NDVI value for a 4-month season, which
may not reflect the conditions at the time of use. Higher resolution NDVI data and more
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detailed information about the locations and types of forage consumed by bighorn sheep
in this population, through vegetation sampling, observations, and fecal samples, would
provide a better understanding of forage selection.
Both natural and anthropogenic changes to the landscape have resulted in the
increased specialization of bighorn sheep in their selection of habitat and resources, and
most of their activity is restricted to within 300 m of escape terrain (Shackleton et al.
1999; Smith and Flinders 1991). In our study, over 91% of locations in the Pine Ridge
and over 99% of locations in the Wildcat Hills fell within 300 m of Escape Terrain, with
mean distances ranging from 63 -130 m in the Pine Ridge and 9 – 23 m in the Wildcat
Hills across seasons. Selection was especially strong during lambing season, when the
proximity to Escape Terrain was smallest and terrain ruggedness was highest. This
highlights the importance of escape terrain that is accessible throughout the year, but
especially when ewes select sites for parturition and rearing lambs (Festa-Bianchet 1988).
Human development can impact resource use of bighorn sheep by impeding
distribution, increasing the distances traveled to obtain resources, changing the actual
resources used, or increasing the chance of infection from diseases associated with
domestic animals (Epps et al. 2007; Kie et al. 2002; Rubin et al. 2002; Scott 1988). These
changes in resource use and availability may have impacts on survival, reproduction, and
fitness. We found mixed support for our prediction that ewes do not avoid anthropogenic
disturbance (P3). Ewes strongly avoided roads across all seasons in the Wildcat Hills, but
selected roads during lambing and winter in the Pine Ridge (Table 4; Figures 3-5).
Development was avoided during lambing and rut in the Wildcat Hills, but was selected
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in winter in the Wildcat Hills and in all seasons in the Pine Ridge (Table 4; Fig 3-5).
These differences in selection across season and subpopulations of anthropogenic
landscape features supported our predictions (P4, P5). Pine Ridge ewes had mean used
distance to development of 1387 m and mean available distance of 1696 m. Mean used
distance to development in the Wildcat Hills was 746 m and mean available distance was
755 m (Table 5). Future studies may investigate whether ewes show a functional response
to development by avoiding it more strongly when in closer proximity. The selection of
crops was most notable in the winter (Table 4, Figure 5). Winter had the lowest mean
NDVI values (Table 5), which corresponded to ewes avoiding higher NDVI and selecting
crops in the Pine Ridge (Figure 5). Rubin et al. (2002) found bighorn sheep ewes in
southern California utilized urban areas as sources of food and water during non-lambing
season. Bighorn sheep in Nebraska might be using anthropogenic sources of forage that
might be associated with (but do not lie within) developed areas, such as golf courses or
supplemental feed put out for livestock, in a similar fashion during times of limited
natural forage.
We investigated trends in resource selection at the population level, but there may
be variation among individuals in response to a given resource or resources. Investigating
individual level variation in resource selection or including additional characteristics such
as age, disease status, body condition, or breeding status may be helpful to further
elucidate resource selection behavior associated with survival and reproduction
(Hebblewhite and Merrill 2008). For instance, some ewes may prioritize food intake and
others may prioritize safety from predation, and these preferences may vary according to
intrinsic qualities (e.g., age) or reproductive condition (e.g., pregnancy). Including rams
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in future studies would provide unique information since rams do not select resources
linked to rearing young and are known to disperse at greater frequency and distance than
ewes (Festa-Bianchet 1988; DeCesare and Pletscher 2006). These results might provide
insight into the potential trade-offs between forage efficiency and predation risk as well
as variation in behavior that could affect transmission of pathogens. Additional
information about the locations of livestock facilities, disease status, and contact rates
between bighorn sheep and livestock could provide important insight regarding pathogen
transmission among this population. The effects of human encroachment, increased
predation, and disease may be compounded in small or isolated populations like those in
Nebraska. Further assessment linking resource selection and fitness could be explored to
better identify critical resources and identify changes in use as populations change.
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